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High-Latitude Ionospheric Dynamics During Conditions of Northward IMF 

This is the final technical report of NASA Grant NAG5-1553. It was awarded to fund an 
investigation, using Dynamics Explorer satellite data, of electrodynamics in the polar ionosphere 
during conditions of northward interplanetary magnetic field. It was initially a two-year study to 
begin in May 1, 1991, and has been extended on a no-cost basis to its current completion date of 
January 31, 1996. The project has been very successful, resulting in the accumulation of an 
IMF-nouth database of DE-1 imager sequences, DE-2 particle and field observations, and IMF 
measurements and the publication of two studies on the relationships between the imager, particle, 
field, and plasma flow observations during conditions of northward IMF. 

Introduction 

By way of background, it has been established that during conditions of southward IMF the auroral 
oval is large with intense optical emissions, while the polar cap shows a deficiency of particle 
precipitation and optical emissions. Convective flow patterns in the auroral ionosphere are generally 
well ordered (Burch et al., 1985; Heelis, 1988). During northward IMF conditions, the auroral oval 
contracts and becomes optically less intense, while relatively high levels of particle precipitation 
occur within the polar cap (Lassen et al., 1988; Hardy et al., 1989). Field aligned current and 
convective flow patterns during IMF north have been studied by Ijima et al. (1984) and Cumnock et 
al (1995). At such times several types of recognizable "IMF-north patterns" may be observed in the 
auroral features. These include polar cap arcs (Lassen and Danielson, 1978). the theta aurora or 
transpolar arc (Frank et al., 1982; 1986) and the horse-collar aurora (Hones, et al., 1989). These 
forms hold clues as to the nature of the solar wind interaction with the magnetosphere that enables 
access of the plasma to polar latitudes during such times. 

In order to better understand the physical processes operating during the IMF north condition, we 
proposed an investigation using in situ measurements from the Dynamics Explorer-2 (low altitude) 
polar satellite and simultaneous observations from the auroral imager on the Dynamics Explorer- 1 
(high altitude) satellite. The initial part of our study concentrated on the electrodynamics of auroral 
features during IMF north conditions, while the latter part focused on the evolution of one type of 
IMF north auroral pattern to another. In the following sections, we describe each research activity 
and summarize the essential findings of each. Publications and presented papers are listed in a later 
section. 

Grant Activities 

Electrodynamics of the High-Latitude Ionosphere. 

As has been reported previously, this investigation has focused on the electrodynamics of the 
high-latitude regions. The objective was to use the combined set of measurements of the DE 1 and 
2 satellites to study the relationship between the imager observations from DE- 1 and the in-situ 
observations from DE-2; ie., the precipitating particles, plasma flows, magnetic field perturbations, 
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and potential distributions. 


Our first investigation looked in detail at a typical case of northward IMF pattern known as the 
"horse-collar' aurora (Hones et al,. 1989). The study was published in Sharber et al. (1992, see 
Appendix), and we summarize the report here. The auroral pattern is typically a contracted but 
thickened emission region in which the dawn and dusk portions can spread to very high latitudes. In 
the case examined in this study, the dawn emission region was the more extended region. This 
pattern was documented by the DE-1 Spin-scan Auroral Imager (Frank et al., 1981). DE-2 passed 
from dawn to dusk across the image frame. During the event the IMF had a large northward 
component, a moderately negative y-component, and a large positive x-component. The reader is 
referred to the enclosed paper for details of the observations. 

The investigation demonstrated that in general there is close agreement between the optical signatures 
and the particle precipitation patterns. In many instances, over scales ranging from tens to a few 
hundred kilometers, electron precipitation features and upward field-aligned currents are observed 
at locations where the plasma flow gradients indicate negative V • E. The particle, plasma, and field 
measurements made along the satellite track and the 2-D perspective of the imager provided a means 
of determining the configuration of convcective flows in the high-latitude ionosphere during this 
interval of northward IMF. The ionospheric convection pattern associated with this auroral form was 
dominated by two cells circulating in a manner consistent with an electric field source in the 
low-latitude boundary layers. A third cell contained an arc at the poleward edge of the dawnside 
precipitation region. The large convection cells had potential differences of 5 to 10 kV across them 
and had latitudinal extents of more than 10°. Auroral oval precipitation was associated with the 
low-latitude sunward flow in these cells, while the descrete, lower-energy electron precipitation was 
associated with the anti-sunward flow throungh the boundary laters. The mapping studies of 
Elphinstone et al. (1991) and Birn et al.(1991) were used to relate the low-altitude observations to 
possible magnetospheric source regions, as indicated in Figure 6 of the attached paper. 

Pattern Evolution 

In the latter part of the grant investigation we have given considerable attention to changes or 
transitions from one type of IMF north pattern to another. For example, a horse collar pattern may 
evolve into a theta pattern, or a quiet time contracted oval pattern may evolve into a to horsecollar 
pattern. In fact, the data set has allowed us to answer several important questions about high latitude 
particle precipitation as the IMF changes and the magnetospheric source regions are altered. 

In preparing for a publication in which we could relate the plasma flows to the particle precipitation 
patterns, UV images of the auroral patterns, and interplanetary magnetic field orientation in the 
course of such transitions, we selected five cases from our data set which exhibited the kind of 
evolution of patterns discussed above . Each of these was based on an initial selection of a sequence 
of images exhibiting identifiable IMF north patterns. In addition it was important that the DE-2 
satellite passed through the field of view of one or more of the images providing the in-situ 
measurements. 
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The first study milestone was an AGU paper, presented at the fall, 1995 meeting. The poster 
presentation (Cumnock et al., 1995) was the first step in the prepration of a paper (Cumnock et al., 
1996) which will be submitted to the Journal of Geophysical Research during the spring of 1996. 
The paper deals with transitions from the horse-collar pattern to one in which a transpolar arc is 
observed. In other words the study looks at situations in which the polar cap is first seen to be in a 
very common IMF north configuration, one in which the oval is contracted and the emission regions 
are expanded poleward from either the dawn or dusk sides. As time progresses and as the IMF 
changes, the observed auroral pattern changes into one containing a prominent transpolar arc feature. 
The pattern has evolved into a "theta aurora" pattern. The evolution represents a change in the 
magnetic configuration and thus in the source region of the incoming particles. In the paper we show 
examples of the kind of transition mentioned above and document the motion of the transpolar arc 
after its formation. 

We show in Figure 1 an example from the paper, the pattern of auroral precipitation of January 21, 
1982 from images obtained by the Spin-scan Auroral Imager on DE-1 (Frank et al., 1981) and 
mapped into a magnetic local time (MLT) and invariant latitude coordinate system. The images show 
the evolution from a quiet time, IMF north precipitation pattern at 1029 UT (A); the development 
of a transpolar arc easily seen as a separate structure at 1 129 UT (B); and the subsequent duskward 
movement of the arc as seen at 1206 (C) and 1242 UT (D). The IMF B z component was generally 
positive between about 0810 UT and 1 145 UT (with a few short swings negative between 0810 and 
0915 UT). B y swung from negative to positive at about 1030 UT and remained positive until 1 145 
UT. In this example, the initial pattern with the broad dawnside emission region was associated with 
the negative B y component. The separation of the transpolar arc and its subsequent motion are 
associated with the change in B y from negative to positive and the continuing positive sign of that 
component. The imager pass band was 123-155 nm; the data collection time for each image was 12 
minutes. 

Major findings are that the evolution from the quiet-time expanded auroral oval to the theta aurora 
pattern is clearly associated with the sign of B y during an IMF northward epoc. A theta aurora may 
form from either the expanded duskside emission region as B y changes from positive to negative or 
expanded dawnside emission region as B y changes from negative to positive. In both cases the 
formation of the transpolar arc is associated with the formation of a convection cell that forms at high 
latitudes on the poleward edge of the expanded dawn or dusk emission region. As the cell grows 
(elongates along the sun-earth direction), the emissions that were formerly the web of the horsecollar 
(i.e., the region just equatorward of the cell) begin to clear of emissions leaving an isolated (in the 
dawn-dusk sense) transpolar arc. However, depending on whether the evolution begins on the dawn 
or dusk side, there will be differences in the way it occurs. Since the transpolar arc must be 
associated with negative potential (upward flowing current), evolutions originating on the dawnside 
and evolutions originating on the duskside will not be mirror images. One large-scale difference seen 
in the evolution of the auroral patterns is that a continuous emission region extends to latitudes as 
high as the noon-midnight meridian only in the cases of dawnside emission, whereas the duskside 
emission region extends only approximately midway to the noon-midnight meridian prior to the 
formation of the theta auroral pattern. Energetic particle precipitation indicates that at least part of 
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Figure 1. Auroral precipitation of January 21, 1982 from images obtained by the Spin-scan Auroral Imager on DE-1 (Frank et al„ 1981) 
and mapped into a magnetic local time (MLT) and invariant latitude coordinate system. The images show the evolution from a quiet tin e, 
IMF north precipitation pattern at 1029 UT (A ); the development of a transpolar arc is easily seen as a separate structure at 1129 UT (B); 
and the subsequent duskward movement of the arc as seen at 1206 (C) and 1242 UT (D). The IMF B z component was generally positive 
between about 0810 UT and 1 145 UT. B y swung from negative to positive at about 1030 UT and remained positive until 1145 UT. The 
imager pass band was 1 23- 1 55 nm; the data collection time for each image was 1 2 minutes. 




the high-latitude convection associated with the transpolar arc occurs on closed field lines. 

At this writing, all data required for the paper are in hand and the writing of the paper has begun. 
We anticipate that a draft will be completed in March of this year. A preprint will be sent to the 
NASA Technical Officer as it is submitted to JGR. 

IMF North Database 

As an important part of this study, we have accumulated an extensive database from which to select 
cases for investigation. This required a trip to the DE-1 imager archive at the University of Iowa by 
Drs. Sharber and Hones to collect image sequences obtained during the IMF north condition. We 
concentrated on the earlier DE data and selected 33 sequences observed between October 17, 1981 
and January 28, 1982. A sequence usually comprises between 10 and 24 twelve-minute image 
frames. To this imager data set we have added text descriptions of each sequence as well as IMP-8 
and ISEE IMF data for each day of the sequence and particle and flow data for time intervals in which 
it exists. This database has provided a relatively easy way of selecting events for study in this grant 
period and will be an excellent basis for future studies of the polar cap during northward IMF 
conditions. 

Publications and Presentations 

The grant has resulted in the following publications and presentations. 

1. "Dynamics Explorer Measurements of Particles, Fields, and Plasma Drifts Over High-Latitude 
Quiet-Time Auroral Regions," J. R. Sharber, E. W. Hones, Jr., R. A. Heelis, J. D. Craven, L. A. 
Frank, N. C. Maynard, J. A. Slavin, presented at the 20th General Assembly of IUGG, Vienna, 
August 11-24, 1991, abstract in Programs and Abstracts, p. 442, 1991. 

2. "Analysis of Ionospheric Plasma Flows and Ion Density Depletions Associated With Auroral 
Patterns During Magnetically Quiet Intervals," J. A. Cumnock, J. R. Sharber, M. R. Hairston, R. A. 
Heelis, and J. D. Craven, presented at the 1995 Fall Meeting of the AGU, abstract: EOS Fall Meeting 
Supplement, p. F507, 1995. 

3. "Dynamics Explorer Measurements of Particles, Fields, and Plasma Drifts Oner a Horse-Collar 
Auroral Pattern," J. R. Sharber, E. W. Hones, Jr., R. A. Heelis, J. D. Craven, L. A. Frank, N. C. 
Maynard, J. A. Slavin, and J. Bim, J. Geomag. Geoelectr., 44, 1225-1237, 1992. 

4. "Evolution of the Global Auroral Pattern During Northward Interplanetary Magnetic Field," J. A. 
Cumnock, J. R. Sharber, M. R. Hairston, R. A. Heelis, and J. D. Craven, work in progress, to be 
submitted to J. Geophys. Res., 1996. 
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Concluding Remarks 

In order to better understand the physical processes operating during the IMF north condition, we 
have used in situ measurements from the DE-2 polar satellite and simultaneous observations from the 
auroral imager on DE-1 to investigate the relationships between optical emissions, particle 
precipitation, and convective flows in the high-latitude ionosphere. The initial part of the study 
concentrated on the electrodynamics of auroral features during the quiet-time horse-collar auroral 
configuration, while the latter part focused on the evolution of one type of IMF north auroral pattern 
to another, specifically the quiet-time horse-collar pattern to a theta aurora. Findings of each study 
taken from the two publications are summarized above. These investigations have enhanced our 
understanding of the processes operative duuing the IMF north condition; and the publications, taken 
with the IMF north database assembled as a part of this study, provide an excellent basis for further 
study of the polar ionosphere during such conditions. 
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As shown from ground-based measurements and satellite-borne imagers, one type of 
global auroral pattern characteristic of quiet (usually northward IMF) intervals is that of a 
contracted but thickened emission region in which the dawn and dusk portions can spread 
poleward to very high latitudes. Because of its shape, such a pattern has been referred to as 
a “horse-collar’ 1 aurora (Hones et ai, 1 989). In this report we use the Dynamics Explorer data 
set to examine a case in which this “horse-collar” pattern was observed by the DE-1 auroral 
imager while at the same time DE-2, at lower altitude, measured precipitating particles, 
electric and magnetic fields, and plasma drifts. Our analysis shows that in general there is 
close agreement between the optical signatures and the particle precipitation patterns. In 
many instances, over scales ranging from tens to a few hundred kilometers, electron 
precipitation features and upward field-aligned currents are observed at locations where the 
plasma flow gradients indicate negative VE. The particle, plasma, and field measurements 
made along the satellite track and the 2-D perspective of the imager provide a means of 
determining the configuration of convective flows in the high-latitude ionosphere during this 
interval of northward IMF. Recent mapping studies are used to relate the low-altitude 
observations to possible magnetospheric source regions. 

1. Introduction 

The spatial distribution of auroral emissions at polar latitudes is much different during 
geomagnetically quiet conditions (i.e., when the IMF has a northward z-component) from that 
observed during intervals of moderate or strong geomagnetic activity. During nonquiet 
intervals auroras occupy a ringlike region of about 20° in radius, sometimes referred to as the 
instantaneous auroral oval, that surrounds an approximately circular polar cap within which 
auroras are not seen. But during quiet times auroras do occur in this central region and these 
typically take the form of sun-aligned arcs. The arcs are not uniformly or randomly distributed 
over the polar cap. From a statistical analysis of ground-based observations of auroras, Lassen 
and Danielsen (1978) reported that a “polar cap pattern of discrete arcs” exists when the IMF 
B z is positive and that it resides preferentially to the dawnward side of the magnetic pole 
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regardless of the sign of IMF B v . Using the auroral mapping capability and precipitating 
particle measurements by DMSP satellites, Meng (1981) found that the pattern of sun-aligned 
arcs was seen on both the dawn and dusk sides of the pole and concluded that they signified 
a poleward extension of the dawn and dusk sides of the oval auroras to very high latitudes 
during quiescent geomagnetic conditions. Murphree et al. (1982) reached similar conclu- 
sions on the basis of ISIS 2 auroral images recorded during periods of northward IMF. 

Using images of the total auroral region recorded at few-minute intervals by the auroral 
imager on DE- 1 , Frank et al. ( 1 982, 1 986) drew attention to the fact that sometimes during 
quiet geomagnetic conditions the polar cap is apparently spanned by a single prominent sun- 
aligned arc (transpolar arc) so that the total auroral pattern resembles the Greek letter, 6. They 
named this configuration, which can sometimes prevail relatively unchanging for an hour or 
more, a “theta aurora.” Field and particle measurements on field lines above the transpolar arc 
(the theta bar) strongly suggested that those field lines are closed through the plasma sheet 
boundary layer, implying, possibly, that each lobe of the tail is bifurcated at these times. 
Another possibility is that the theta bar is a bright poleward-most arc of the evening or morning 
auroral oval expanded far into the polar cap, possibly implying a gross dawn-dusk asymmetry 
or tilting of the plasma sheet. PETERSON and Shelley ( 1 984) found some tentative support for 
this latter interpretation in analyzing ion composition data acquired by DE-1 during its flight 
over a theta aurora that was studied previously by Frank et al. (1982). 

Surveying DE- 1 images. Hones et al. ( 1 989) found that another auroral distribution, the 
“horse-collar aurora,” is quite commonly recorded during geomagnetic quiescence. This 
pattern features an arrowhead-like polar cap with its narrow end pointed toward the sun and 
having quite sharply defined dawn and dusk boundaries. In fact, the dawn and/or dusk 
boundary is often marked by a bright bar spanning the auroral oval roughly in the noon- 
midnight direction. The regions (called “webs”) between the polar cap boundaries (bars) and 
the dawn and dusk sectors of the auroral oval are typically filled in with diffuse-appearing 
emissions that are less intense than that from the bars or the oval. At times when one of the bars 
is prominent and the neighboring diffuse region (web) is faint, the total pattern can closely 
resemble a theta aurora. The horse-collar aurora clearly resembles an auroral oval with much- 
expanded morning and evening sectors. Thus, its tendency to evolve sometimes into a theta- 
like pattern may be some indication that the theta aurora, too, is a consequence of such 
poleward expansion (cf. Craven et al., 1991). 

The theta and horse-collar auroras hold clues to the nature of the solar wind-magnetosphere 
interaction with northward IMF as to whether, tor example, this interaction causes lobe 
bifurcation or tilting of the plasma sheet or both. It is thus important to try to determine how 
these auroral patterns are connected to outer magnetosphere regions using as correct a model 
as is available. Birn et al. ( 1 99 1 ) and ELPHINSTONE et al. (1991), working with the Tsyg anenko 
(1987) model, have noted that the arrowhead-shaped polar cap of the horse-collar aurora 
closely resembles mappings of the open-closed field line boundary of that model, with the 
bright “bars” along the sides of the polar cap corresponding to the separatrix layers. The fainter 
“web” regions between the bars and the oval of the horse-collar pattern connect to the low- 
latitude boundary regions all along the flanks of the tail. 

With some knowledge of the possible magnetic interconnection between the auroras and 
the outer magnetosphere regions thus established, it is next important to examine the particles, 
plasma, and fields in the ionosphere above the auroras in an effort to understand the processes 
in the outer magnetosphere which are the ultimate cause or the auroras. This paper is such a 
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study. It began with a search for cases in which a horse-collar pattern was imaged by DE- 1 at 
times when its companion satellite, DE-2, passed over the auroral region while measuring the 
particles, fields, and plasma flows. We found six examples of this that occurred in the Fall of 
1 98 1 . In this paper we report the observations in the one of those cases where DE-2 passed most 
directly along the dawn-dusk axis of the oval so that conditions over the main features of the 
pattern could be best observed. These simultaneous measurements allow the detailed rela- 
tionships between the ionospheric particle and field measurements to be examined in the 
context of a larger global scale distribution of the aurora seen from DE-1. 

2. Observations 

We begin by showing in Fig. 1 a sequence of eight consecutive 12-minute images of the 
northern hemisphere auroral region taken at FUV wavelengths ( 1 23-155 nm) by the Spin-Scan 
Auroral Imager on DE-1 (Frank et al., 1981). These images show a contracted oval with 
emission features in the dawn and dusk sectors expanded into the high-latitude region. This 
pattern has been referred to as the “horse-collar aurora” (HONES et al., 1 989). In this sequence 
the web and bar features of the horse collar are rather well-defined on the dawn side, whereas 
the dusk side bar feature does not begin to appear until the sixth flame of the sequence. The 
general pattern, however, is present throughout the entire 96-minute sequence. 



Fig. 1. Sequence of eight consecutive 12-minute images of the northern hemisphere auroral region taken with the 
Spin-Scan Auroral Imager (SAI) on DE-I. The sequence began at 1421 UT on day 336 (December 2) of 1981 
during an interval of relative magnetic quiet between two substorms, and illustrates the general features of a 
“horse-collar” auroral pattern which persisted for the entire 96-minute sequence. The pass band for these 
images was 123-155 nm for which the principal auroral emissions are from atomic oxygen (130.4-135.6 nm) 
and the LBH bands of N?. 
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These images were taken on day 336 (Dec. 2) of 1981 beginning at 1421 UT during an 
interval of relative magnetic quiet between two small substorms. In Fig. 2 it is seen that AE was 
low (<58 nT) and Dst was negative, with an hourly averaged value of -8 nT between 14 and 
15 UT. As measured by ISEE 1 at 1425 UT (GSE coordinates +10.9, -1 8.5, and -4.4 Rk), B-_ 
was positive (8.8 nT), B x was positive (11.4 nT), and B v was negative (-4.0 nT). K p was 2 during 
the time of the pass. 

The lower altitude DE-2 satellite passed over the northern high-latitude region as the first 
image of Fig. 1 was being made. The DE-2 electron differential measurements at 44° pitch 
angle are shown in Fig. 3 along with the optical image from DE-1 and an overlay of the DE- 
2 orbit mapped to 1 20 km altitude. In general, the optical and particle measurements agree very 
well. In the electron data, the lowest latitude regions contain broadly peaked spectra in the 
several hundred eV to few keV range and are characteristic of the diffuse aurora or CPS 
(WlNNlNGHAM et al., 1975). The equatorward boundaries of these regions, at 1417:40 UT 
(62.3° IL) on the dawn side and at 1430:30 UT (65.2° IL) on the dusk side, agree to less than 
half a minute ( 1 .7° IL) with the optical boundaries. Poleward of 1420:40 UT (72.7° IL) on the 
dawn side and 1428:00 UT (75.6° IL) on the dusk side, the electron spectrogram often displays 
sharp spectral peaks at energies of tens to hundreds of eV, indicating acceleration of the 
population along the field line to the energy of the spectral peak. As we shall see below, these 
enhancements are associated with gradients in the plasma flow and magnetic field perturba- 
tions. 

It is clear that the optical emissions are associated with electrons having both the quasi- 
thermal and the peaked spectra. On the dawn side, for example, emissions are seen between 
about ~ 1 4 1 8 and ~ 1 423 UT, an extent in latitude of 1 6.6° IL. We note that the relatively bright 
optical feature crossed by DE-2 just before 1 423 UT is associated with the electron energy flux 
enhancement that peaks at 1422:50 UT. The electrons observed between 1423:40 and 1424:50 
UT are mostly polar rain electrons which typically show a Maxwellian peak at ~ 100 eV. A few 
small enhancements that produce no detectable emissions are also present in this interval. The 
dark region seen in the image between ~ 1 423 and 1 425 UT includes this region of low intensity 
polar rain. The dusk-side emissions are less intense and appear to have a poleward “edge” near 
minute 1425 (83.7° IL). Thus the duskside emissions cover 18.5° of invariant latitude. 

The particle precipitation features and electrodynamic properties of the ionospheric 
plasma are examined in more detail in Fig. 4. The panels show the precipitating electron 
number flux, the ion drift velocity perpendicular to the satellite track, the transverse magnetic 
field perturbation, and the electrostatic potential plotted as functions of time. Also shown are 
some of the locations of emission features seen in the image and described previously. We note 
that a number flux threshold peak of ~10 9 cm 2 s 1 can be used to distinguish precipitation 
events that will produce sufficiently intense emission to be seen by the imager. Within the dark 
region the discrete precipitation features fall below this threshold. We also see that across the 
entire pass, almost all enhancements in the precipitating electron number flux are associated 
with gradients in the ion drift velocity. Each gradient is such that, as the spacecraft moves from 
dawn to dusk, the antisunward flow speed decreases or the sunward flow increases. The 
association between regions of negative divergence in the dawn-dusk component of the 
electric field (derived from the cross-track ion drift measurements) and enhancements in the 
precipitating electron number flux exists over a range of spatial scales. These correspond to 
a few seconds (~10’s of kilometers), as at 1421 :28- 142 1:34 UT, to tens of seconds (~100’s of 
kilometers) as at 1422:40-1423:05 UT. Comparison of the particle and ion drift velocity data 
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Fig. 2. AE, Dst , and IMF data for day 336 (Dec. 2) of 1 98 1 . The dashed line at 1425 UT is the time near the middle 
of the DE-2 pass over the polar cap. 


with the magnetic field perturbation transverse to the satellite track shows that gradients in the 
ion drift and in the magnetic field are generally collocated: i.e., a decrease in the antisunward 
ion drift speed of the third panel of Fig. 4 corresponds to a decrease in AB- in the first panel. 
(On the DE spacecraft the transverse (z) axis is normal to the orbit plane and positive eastward). 

Gradients in the magnetic field perturbation corresponding to an upward field-aligned 
current are seen to be associated with regions of negative divergence in the dawn-dusk electric 
field and enhancements in the precipitating electron flux. It is thus most likely that each of these 
events is electrodynamically self consistent with an approximately uniform height-integrated 
ionospheric conductivity. In such a case the negative divergence in the electric field requires 
an upward field-aligned current carried by precipitating electrons that do not appreciably affect 
the ionospheric conductivity. 
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Fig. 3. The 12-minute SAI UV image beginning at 1421 UT of day 336 (Dec. 2), 1981, compared with LAPI 
measurement of electrons at 44° pitch angle. The foot of the DE-2 field line at 1 20 km is plotted into the image 
with universal time minutes shown for reference to the electron spectrogram. 
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Fig. 4. Field and particle measurements of DE-2 showing magnetometer measurements of AB-, number and energy 
fluxes of precipitating electrons, and horizontal ion drifts perpendicular to the satellite track. Gradients in the 
magnetic field perturbation corresponding to an upward field-aligned current are associated with regions of 
negative divergence in the electric field (i.e. antisunward to sunward flow) and enhancements in the 
precipitating electron flux. The lower panel shows the electrostatic potential distribution obtained by 
integrating the electric field along the DE-2 track. Also shown in this panel are the dawn and dusk inner edges 
of the horse-collar pattern and large-scale potential regions A-D. 
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We note that the regions of negative and positive divergence in the electric field may 
involve reversals in the flow direction or simply changes in the sunward or antisunward flow 
speed. In order to place these gradients in a perspective that includes the flow configuration 
on spatial scales of 1000 km or more, we will construct a picture of the global ionospheric 
convection pattern accompanying these data. Here we assume that the convective motion of 
the plasma may be represented by an electrostatic potential distribution. A signature of the 
distribution is obtained by integrating the electric field along the satellite track, which is 
derived from the ion drift velocity transverse to the satellite track. This distribution is shown 
in the lowest panel of Fig. 4, where we identify one region of positive potential (labeled A) and 
a large region of negative potential within which there are two major sub-regions of large 
negative potential (B and C). An additional sub-region of negative potential, labeled D, with 
a smaller absolute value, but comparable spatial scale, is also seen. It is clear that the spacecraft 
encounters plasma flow at the same potential at least four times while traversing the high 
latitude region. Comparison of the features in Figs. 3 and 4 shows that electron precipitation 
structures and discrete optical emission features appear at or near local minima in the potential 
distribution. These can correspond to minima within the larger scale regions of positive and 
negative potential, as at - 1 42 1 : 1 5 UT, or they may correspond to the extreme minima of the 
large scale regions of negative potential themselves, as at 1423 UT. This one (at 1423 UT) is, 
in fact, the dawnside bright edge of the dark region and marks the extreme minimum in 
potential of region B. Although on the dusk side the edge of emissions is not very well defined, 
it appears to be associated with the small minimum in region D at - 1 425 UT. We also note that 
two other small minima exist near zero potential within the dark region, one at -1423:50 UT 
and one at 1424:24 UT. These correspond to the particle precipitation enhancements seen by 
DE-2, but do not constitute sufficient energy input to produce detectable emission. On the 
dawn side, the A cell corresponds approximately with the dawn auroral oval, but includes some 
of the web emissions extending further poleward. On the dusk side the extended, negative C 
cell includes the auroral oval plus the web emissions all the way up to the dusk inner edge. 

3. Large Scale Convection Pattern 

Two factors must be considered in suggesting a large scale convection pattern for this B : - 
north case. First, the IMF lies predominantly in the xz-plane: a condition most likely to produce 
multiple cell patterns (see Maynard et a/., 1990). Second, the region of negative potential 
extends across the noon-midnight meridian even though the 5 v -component is negative (cf. 
Heppner and Maynard, 1987). We show in Fig. 5 a multicell convection pattern consistent 
with the cross-track flows and potential regions of Fig. 4 and the emission features of Fig. 3. 
These emission features and the DE-2 track are shown for reference. In the pattern, the 
dawnside auroral region (cell A) encompasses a region of sunward flow at low latitudes and 
a region of antisunward flow at higher latitudes. Somewhat further poleward and still on the 
dawn side, DE-2 crosses the bright dawnside high-latitude edge of emissions which is 
collocated with a flow reversal (antisunward to sunward as the spacecraft moves dawn to 
dusk). Cell B, containing this bright arc, is drawn as a separate cell (solid lines) in a manner 
consistent with the flows associated with potential region B of Fig. 4. This cell has sunward 
flow in the poleward region interior to the horse collar (unshaded). The sunward flow region 
of cell C, the duskside counterpart of cell A, is associated with the low-latitude diffuse auroral 
precipitation in that sector. We point out here that at higher latitudes, in the region interior to 
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24 

Fig. 5. Multi-cell convection pattern consistent with the DE-2 plasma flow measurement and emission features. 
The DE-2 track is shown for reference. 


the horse collar, Fig. 4 shows a small region of sunward convection bordered on each side by 
small regions of antisunward convection (i.e. between 1424:00 UT and 1425:04 UT in Fig. 4). 
The transverse flows measured along the satellite track in this region are weak, and for clarity 
we have chosen not to draw in a separate cell in the D region. The electron density drops slightly 
in this region, which is consistent with a region of near-stagnant flow as shown here. A small 
local convection cell circulating only within that region and existing in a steady state would 
have produced a significant density depression (Maynard et al . , 1 990). From the data it is not 
possible to determine if the negative potential regions B and C are connected in the midnight 
or dayside auroral regions forming a large distorted cell. We have chosen to show them as 
separate, emphasizing that the cells most likely have different driving sources in the mag- 
netospheric system. 

4. Discussion 

The horse-collar aurora pattern clearly defines (i.e. surrounds) a region in the ionosphere 
at the highest latitudes that is relatively darker than the adjacent emission regions. In this 
example, the dawn side of the dark region is defined by the bright arc forming the “bar” feature 
of the pattern (Hones et al . , 1 989). It seems reasonable that this bright feature, which extends 
to the dayside, indicates a boundary between the open and closed field lines. This assertion is 
supported to some extent by the LAPI energetic particle detectors (G-M tubes at 0° and 90° 
responding primarily to electrons of E > 35 keV), which show greater flux at 90° than at 0° in 
the precipitation feature as far poleward as the bright dawnside feature at ^ 1 42 1 UT (data not 
shown ) and by the modeling studies of BlRN et al. ( 1 99 1 ) and ELPHINSTONE et al. ( 1 99 1 ). We 
then associate the dark region with open field lines. Interpreting the ionospheric flow as an 
instantaneous electrostatic potential distribution, we see that a large part of the dark region (i.e. 
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at least the dawn half) contains sunward flow on these open field lines. Ionospheric plasma on 
these field lines circulates in the manner shown in cell B. eventually flowing antisunward on 
the dawn side of the bright arc. This cell has the characteristics of the narrow, high-latitude 
dawnside “collapsed” cell of POTEMRA et al. ( 1 984). Such a cell was inferred from electric and 
magnetic field observations of dayside crossings of the polar cap during times of northward 
IMF. It was based on the observation of strong flow reversals and associated field-aligned 
currents and occurred on the dawn (dusk) side of the northern polar cap for moderately negative 
(positive) values of B v . Such cells have limited extent in the dawn-dusk dimension and are 
elongated in the noon-midnight (sun-aligned) direction (Zanetti etal., 1984; Carlson etal., 

1 988). In the present study, the spatial extent of the sunward and antisunward flow regions of 
the B cell is indicated by the spatial coherence of the bright optical emission associated with 
it. 

In this horse-collar emission pattern, the bright dawnside emission feature is associated 
with a strong gradient in the antisunward ionospheric plasma flow; i.e., it marks a region in 
which the divergence of the electric field along the track is negative (1422:40-1423:05 UT). 
These observations are consistent with results of other studies showing that during IMF north 
intervals, the most intense outward flowing NBZ currents occur on the dawnside of the polar 
cap regardless of the IMF B v direction (ZANETTI et al., 1984; POTEMRA et al., 1984). Thus in 
a more general context the sharpness of the inner edges (i.e., the “bars”) of a horse-collar aurora 
will depend on the size of the gradients in the electric field; and on the dawnside, the magnitude 
of the gradient will determine the brightness of the emission feature at the edge. Some 
observations (Gusev and Troschichev, 1986) and modeling (Cornwall, 1985; Reiff and 
BURCFi, 1985) have associated dawnside polar cap arcs in the northern (southern) hemisphere 
with negative (positive) IMF B y . Our observations of the dawn edge feature as well as the 
feature observed at ~ 1421 UT are consistent with these findings. In this case B y was negative 
during this DE-2 pass and for three hours previous. 

Although a more complete mapping of the features of this auroral form into the 
magnetosphere must await the study of other cases, we can obtain some understanding of 
possible source regions in terms of mapping studies already carried out. BlRN et al. ( 1 99 1 ) have 
shown that the arrowhead shape of the inner edges of the horse-collar pattern comes directly 
from mapping the last closed field lines of the TSYGANENKO (1987) long model down to the 
auroral ionosphere. Although the Tsyganenko model is a “closed” model, the last closed field 
lines were defined operationally by BlRN et al. ( 1 99 1 ) as those which cross the equatorial plane 
at -70 Re- The elongated and pointed shape of the polar cap is more pronounced for low K p 
values. The study suggests that the “bars” of the horse-collar pattern map to the separatrix 
layers (or plasma sheet boundary layers) extending to the distant X-line while the “web” 
regions map to the low-latitude boundary regions along the flanks of the magnetosphere, which 
are possibly, but no necessarily, identical with the low-latitude boundary layers. Another study 
by Elphinstone et al. (1991), comparing mappings of the Tsyganenko ( 1 987) long model 
with Viking images, finds similar results. In the Elphinstone et al. paper, color coded regions 
in the auroral ionosphere are mapped not only to the equatorial plane, but also into the yz GSM 
plane at specified distances down the tail. 

Based on the above studies (see Fig. 1 of BlRN et al. (1991) and Plate 1 of Elphinstone 
etal. (1991 )), we show in Fig. 6 a cartoon of the magnetospheric yz plane at a location roughly 
40 Re down the tail. The view is toward the earth. The figure shows a thickened plasma sheet 
(PS), a lobe region (LOBE) containing the open field lines, a plasma sheet boundary layer 
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Fig. 6. Sketch of the magnetospheric yz plane at a location roughly 40 Re down the tail, based mainly on the work 
of Birn et al. ( 1 99 1 ) and Elphinstone et al. ( 1 99 1 ). The view is toward the earth and shows the bright dawn- 
side arc mapping to the boundary between open lobe field lines and the dawn low-latitude boundary layer. The 
plasma sheet is identified with sunward flowing plasma in the dawn and dusk convection cells of Fig. 5, while 
antisunward flowing plasma in these cells is identified with the low-latitude boundary layers. 


(PSBL), and two expanded low-latitude boundary layers (LLBL). The plasma flow directions 
in and out of the paper are consistent with the flow patterns shown in Fig. 5. The bright 
dawnside arc (or “bar” feature) probably maps to the boundary between open field lines in the 
lobe and the dawn low-latitude boundary layer. The lobe region in Fig. 6 contains the field lines 
that are sunward flowing inside the horse collar in Fig. 5. This must coincide with a radially 
outward flow in Fig. 6 which implies a more contorted tail than shown in the cartoon. Optical 
emissions in the dawn and dusk auroral ionosphere are associated with the dawn and dusk low- 
latitude boundary layers and the plasma sheet. Specifically, the plasma sheet is identified with 
the sunward flowing plasma in the dawn and dusk convection cells of Fig. 5, while antisunward 
flowing plasma in those cells is identified with the LLBL regions . Note that the Birn et al. ( 1 99 1 ) 
study found the arrowhead shape of the polar cap to be closely associated with an increase in 
B z in the magnetotail from midnight toward the flanks. This variation in B z corresponds to field 
aligned currents which are earthward on the dusk side and tailward on the dawn side, a 
condition that is consistent with more intense electron precipitation and arc emission on the 
dawn side. 

5. Summary and Conclusions 

We have studied one configuration of quiet-time auroral pattern, a horse-collar aurora, 
that was observed during an interval in which the IMF had a large northward component, a 
moderately negative y-component, and a large positive ^-component. 
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We find very good agreement between UV observations of the DE-1 auroral imager and 
electron precipitation measured by particle detectors on DE-2. Precipitation features include 
the quasi-thermal populations of the low-latitude (quiet diffuse auroral) regions, regions of 
accelerated electron fluxes associated with the magnetospheric boundary layers, and a region 
of mostly polar rain associated with the dark region interior to the horse collar. Small electron 
enhancements, not observed by the imager, were observed within this region. 

Plasma flow and magnetometer measurements show that electron precipitation occurs 
where gradients are observed in the antisunward plasma flow and the cross-track magnetic 
field perturbations. The most prominent optical features and many smaller scale enhancements 
seen in the electron fluxes occur where the dawn-dusk electric field satisfies the condition, 
V E < 0. This is the case for the bright dawnside edge feature of the horse collar. 

The ionospheric convection pattern associated with this auroral form is dominated by two 
cells circulating in a manner consistent with an electric field source in the low-latitude 
boundary layers. A third cell contains the dawn edge arc. The large convection cells have 
potential differences of 5 to 10 kV across them and have latitudinal extents of more than 10°. 
Auroral oval precipitation is associated with the low-latitude sunward flow in these cells, while 
the discrete, lower-energy electron precipitation is associated with the antisunward flow 
through the boundary layers. 

Although it is felt that many of the above observations will apply to the general horse- 
collar auroral pattern, some variation is to be expected based on the strengths of the flows 
(electric fields) and the direction of the IMF. A study to determine the extent of this variation 
is now underway. 
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